Abstract-Hot spotting is a problem in photovoltaic (PV) systems that reduces panel power performance and accelerates cell degradation. In present day systems, bypass diodes are used to mitigate hot spotting, but it does not prevent hot spotting or the damage it causes. This paper presents an active hot-spot detection method to detect hot spotting within a series of PV cells, using ac parameter characterization. A PV cell is comprised of series and parallel resistances and parallel capacitance, which are affected by voltage bias, illumination, and temperature. Experimental results have shown that when a PV string is under a maximum power point tracking control, hot spotting in a single cell results in a capacitance increase and dc impedance increase. The capacitance change is detectable by measuring the ac impedance magnitude in the 10-70 kHz frequency range. An impedance value change due to hot spotting can be detected by monitoring one high-frequency measurement in the capacitive region and one low-frequency measurement in the dc impedance region. Alternatively, the dc impedance can also be calculated using dc operating point measurements. The proposed hot-spot detection method can be integrated into a dc-dc power converter that operates at the panel or subpanel level.
I. INTRODUCTION
P HOTOVOLTAIC (PV) hot spotting is a temporary fault condition that occurs in series-connected PV cells. In most commercial PV panels, cells are strung in series to reach high output voltages required for many PV applications, such as gridconnected systems. Ideally, the electrical characteristics of all cells in the string are identical and the string operates at the maximum power point (MPP) current to achieve each cell's optimal output. However, when there is mismatch among the cell electrical characteristics, the single string current is unable to operate at every cell's MPP, which leads to suboptimal performance [1] . There are many factors that can create mismatch, such as manufacturing error tolerance, partial shading, and degradation.
When there are only a few underperforming cells (e.g., due to heavy shading) in a string of normal cells, the imposed string current tends to reverse bias the compromised cells. Fig. 1 illustrates a shaded cell becoming reverse biased in a PV cell string. PV1 and PV2 are under normal illumination, while PV3 is shaded. Shading the cell shifts the electrical characteristics down on the current axis, as shown in the I-V plot for PV3, such that the MPP current decreases. In this example, the string current (I string ) settles to a current that is greater than PV3's short-circuit current, causing its voltage to become reverse biased. Because voltage is negative but current is flowing, the shaded cell sinks power rather than sources power. If the cell sinks significant power, the generated heat drastically increases the localized cell temperature, which can damage the cell [2] ; this is commonly known as hot spotting [1] , [3] .
For clarity, this paper defines hot spotting as a temperature increase of a PV cell or a portion of the cell above the temperature of its surroundings due to reverse-bias power dissipation. The term hot spot refers to the portion of the cell with a higher 0885-8993 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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temperature due to hot spotting. Hot-spot damage refers to permanent damage or degradation of a PV cell caused by hot spotting.
In early satellite systems, hot spotting was identified as a condition that could permanently damage PV cells [4] . A prevention method was developed, commonly called the bypass diode, which places a passive diode in parallel with the PV string in order to provide an alternate current path around the PV string when hot spotting occurs. A bypass diode or, more recently, an active bypass switch [5] placed over PV panel substrings is still the main prevention method for hot spotting today. Although bypass diodes and active bypass switches mitigate the hot spotting problem (i.e., limit the amount of power that can be dissipated through the PV cell) [6] , they do not prevent hot spot damage. Field studies have shown that hot spotting is a major cause of panel performance degradation, even in systems employing bypass diodes [7] - [9] . Once a cell is degraded from hot spotting, it becomes a weak point in the string that causes performance reduction of the entire PV panel [10] . Hot spotting occurs more easily in a degraded cell, which exacerbates the hot-spot degradation problem.
Hot-spot damage could be avoided if bypass diodes are placed over a small enough number of cells because the potential reverse-bias power dissipation through a cell is proportional to the number of cells in the string [6] . Preliminary studies indicate that placing a bypass diode over every three cells (or fewer) would prevent hot-spot damage [11] . This approach would require bypass diodes integrated into the PV panel itself, rather than the junction box. In the past, some designers advocated bypass diodes across every cell [12] , [13] . However, the operating requirements on these bypass diodes are extreme due to high currents, so incorporating a large numbers of power diodes has not been a practical solution. In general, mainstream Si PV panel manufacturers have not integrated additional electronics into the panel itself, likely due to increased construction cost and complexity.
Because panel manufacturers are reluctant to integrate components and electronics into the panel itself, this work focuses on hot-spot prevention at the subpanel-level, i.e., at the junction box level. The first part of this prevention method is the ability to detect if a cell within a subpanel string is hot spotting. A few hot-spot detection methods have been proposed previously, such as [14] and [15] , which suggest methods that require sensor integration into the PV panel; these types of detection algorithms are unlikely to be adopted in the near future due to panel integration challenges and cost limitations. Additionally, a postmeasurement data processing detection method is proposed in [16] and a model-based hot-spot suppression algorithm is described in [17] . Both these methods have intensive processing requirements and significant additional hardware requirements, leading to high costs in the current market. This paper proposes a stringlevel hot-spot detection method that can be implemented using the existing dc-dc converter that controls the PV panel with minimal additional hardware and processing requirements. The detection algorithm utilizes PV string impedance measurements to detect hot spotting within a PV subpanel string. Preliminary work on the proposed hot-spot detection method was presented in [18] . This paper expands upon that work to provide a full description of the hot-spot detection impedance measurement method with experimental validation.
II. PV CELL IMPEDANCE CHARACTERISTICS
The proposed hot-spot method is based on the change in PV impedance measurements during hot spotting. To understand the basic principle, the PV cell model is first examined and its impedance characteristics are analyzed over a range of frequencies. The characteristics are compared at various illumination conditions.
A. PV Cell Dynamic Model
A PV cell is essentially a p-n junction that can be modeled with associated resistance, capacitance, and inductance components, plus a photocurrent source that is proportional to illumination. The full PV equivalent circuit model with reversebias characteristics is represented by a model described in [19] , which is shown in Fig. 2(a) . For small-signal frequency analysis, the dc components (current source, voltage source, and diodes) are ignored, leaving the series resistance R s , series inductance L s , equivalent parallel resistance R p , and equivalent parallel capacitance C p . The ac small-signal PV equivalent circuit model is shown in Fig. 2(b) . The equation for the equivalent circuit impedance at frequency ω is
(1) PV ac impedance characteristics can be represented in Bode plot form, as shown in Fig. 3 . Each circuit parameter of the model can be linked to a region in the Bode plot. At low frequencies, the resistance sum, R s + R p , dominates and the impedance angle is zero. At mid-range frequencies, C p dominates such that the impedance magnitude begins to decrease with frequency and the angle shifts toward −90
• . At the resonance frequency, the magnitude is approximately R s and the phase angle passes through zero. At high frequencies, L s dominates such that impedance magnitude increases with frequency and the angle moves toward 90
• . It is assumed that the values of R s and L s are relatively constant. However, the values of the C p and R p model parameters vary depending on factors such as illumination, temperature, and cell voltage bias [20] , [21] . When the R p value changes, resistance changes are visualized as the resistive magnitude regions moving up or down directly with the resistance change. Changes in C p are visualized as the capacitive magnitude region shifting left and right: left for C p increase and right for C p decrease. The phase dips in the frequency region where C p dominates, and generally, shifts left (increasing C p ) and right (decreasing C p ) with capacitance, but its shape is also affected by the L s and resistance values. The effects of these parameter changes are also shown in Fig. 3 .
B. Parallel Resistance
For the proposed hot-spot detection method, the R p value will need to be measured and monitored. The R p value can be determined directly from the dc impedance, R p + R s , since it is assumed that R s is constant. Generally, temperature increase slightly lowers resistance due to a higher number of free carriers, and increasing illumination also lowers resistance slightly [21] , [22] . An intuitive way to understand how the dc impedance, and in turn, R p change under various conditions is from the slope of the I-V curve. The equivalent dc impedance, Z dc , is the negative change in voltage divided by the change in current as a result of a small perturbation, which is related to the slope of the I-V curve. An example I-V curve illustrating the dc impedance at various operating points is shown in Fig. 4 . In regions where the slope is steep (reverse breakdown and above the MPP voltage), Z is small; in the middle horizontal region, Z is large.
C. Parallel Capacitance
The C p value is also measured and monitored for the proposed hot-spot detection method. PV cell capacitance comes from two main sources: transition or junction capacitance (C j ) and diffusion capacitance (C d ). Junction capacitance, C j , comes from the charge stored in the depletion region at the semiconductor p-n junction; it dominates at small positive and negative voltages, where the junction is not conducting significant current. Diffusion capacitance, C d , comes from the charge stored in the neutral region of the semiconductor outside the depletion region. The diffusion capacitance is prominent when the p-n junction is forward biased above the MPP voltage, where the junction carries significant current, but it is negligible when reverse biased [21] - [23] . Fig. 5 illustrates capacitance trends over cell voltage bias and identifies the region where each capacitance type dominates. Generally, PV capacitance tends to increase with voltage bias, increase with temperature, and increase with illumination [21] , [22] .
III. AC MODEL PARAMETER CHARACTERIZATION

A. Experimental Setup
Experiments were conducted on a prototype PV panel with 18 Si cells in series. To access a single cell, panel material was cut away from one cell and wires are connected at each cell terminal. Halogen lights acted as the illumination source and were powered by a dc source to avoid ripple at the grid frequency. The Tenmars TM-207 solar power meter was used to measure light intensity at the panel surface. Temperature was measured at the back surface of the panel using the Minolta HT-11 spot thermometer. The Zahner Elecktrik IM6ex impedance spectrum analyzer was used to take impedance measurements; tests utilize the potentiostat function. The spectrum analyzer had the capability to take impedance measurements while sinking or sourcing current up to ±10 V and ±2 A. Data were acquired using the Thales software provided by Zahner Elecktrik.
B. Single PV Cell AC Parameters
A single PV cell was tested under dark conditions (no direct light) and under 1000-W/m 2 illumination over a range of −2.1-0.53 V. Tests were run after the module temperature stabilized at 30
• C under dark and 50
• C under illuminated conditions. Impedance plots for the cell under dark and illuminated condi- tions are shown in Fig. 6 . The resistance and capacitance values calculated from the data are shown in Table I . Recall that the low-frequency flat region in the magnitude plot represents dc impedance (R s + R p ) and the sloped region represents capacitance (C p ). For both lighting conditions, dc impedance decreases as voltage increases, indicating that R p also decreases, and the sloped region moves to the left, indicating that capacitance increases. These measurement plots verify two trends previously discussed in Section II: 1) as illumination and temperature increase, resistance decreases and capacitance increases and 2) as positive voltage bias increases, resistance decreases and capacitance increases. This is consistent with theory and findings in previous literature [20] - [23] . Based on data shown in Table I , changes in voltage bias tend to have a larger effect on the resistance and capacitance than illumination changes. The exception is at the 0.4-V MPP, where there is a significant jump in capacitance between dark and illuminated conditions; this is attributed to the significant increased temperature, which has a more significant effect on capacitance above the MPP. When temperature remains relatively constant, voltage bias has the biggest effect on the parallel resistance and capacitance values.
C. Series String AC Parameters
The full 18-cell string of PV cells was also tested under 1000-W/m 2 illumination with no shading, and then, with one cell covered by an opaque sheet to cause hot spotting in the shaded cell. Tests were run after the module temperature stabilized at approximately 47
• C. Impedance plots under both conditions are shown in Fig. 7 and the calculated resistance and capacitance values are summarized in Table II . The unshaded case, shown in Fig. 7(a) , is an extension of the single cell's characteristic. It shows the same trends: as voltage increases, parallel resistance decreases and capacitance increases. Fig. 7(b) shows the impedance plot for the partially shaded string exhibiting hot spotting. The change in the impedance characteristics depends on whether the string voltage is 0 V (short circuit), preshaded MPP voltage, or open-circuit voltage.
1) Short Circuit (0 V):
If the voltage is maintained at 0 V (short circuit), hot spotting caused by partial shading leads to resistance decrease and capacitance increase. In this experiment, the shaded cell had a negative bias of −8.5 V. Since the string voltage is 0 V, the remaining 17 cell voltages must sum to 8.5 V (0.5 V for each cell). After shading, the string dc impedance decreases, indicating that the reverse-biased cell is in its breakdown region, which has a lower dc impedance. For the capacitance value, the shaded cell decreases slightly in capacitance due to the negative voltage bias, while the positively biased unshaded cells increase in capacitance; the end result is a slight increase in string capacitance.
2) Unshaded MPP: If the voltage is maintained at the unshaded string's MPP of 8.2 V, partial shading results in a significant resistance increase and clear capacitance increase. In the experiment, the shaded cell becomes negatively biased at The overall string resistance increases, but only by 0.2 Ω. Based on the theory, the capacitance in the shaded cell is expected to decrease slightly and the unshaded cells are expected to increase such that the overall string capacitance increases.
D. AC Characteristics Under Maximum Power Point Tracking Control
During normal operation, a power converter controls the operation of the PV string, using a maximum power point tracking (MPPT) algorithm. Some algorithms maintain a relatively constant voltage throughout operation, such as fractional open-circuit voltage control, while other maximum-seeking algorithms continually track the MPP, e.g., perturb and observe (P&O) or ripple correlation control [24] - [26] . When the string is under constant voltage control near the unshaded MPP, Table II has already shown that there is a clear increase in resistance and capacitance. The Bode plots of the PV string before and after partial shading are compared in Fig. 8(a) , which shows R p and C p increasing after hot spotting occurs.
Next, consider a maximum-seeking algorithm that adjusts the operating point to find the new MPP. One drawback of maximum-seeking algorithms is that they can sometimes operate at a local maximum rather than the true maximum. In the conducted experiment, the partially shaded string had a true MPP at 8.70 V and a local maximum at 8.05 V. Impedance measurements are taken at both maxima points and compared to the unshaded string measurement, as shown in Fig. 8(b) . At both maxima points, there is a significant increase in resistance and a clear capacitance increase compared to the unshaded string.
Under either a constant-voltage or maximum-seeking type of MPPT control algorithm, hot spotting of one cell in an 18-cell string results in a clear dc impedance increase and capacitance increase. The dc impedance increase indicates that shading has caused the slope at the operating point to become more shallow and that the shaded cell is moderately reverse biased. If the shaded cell operates in the reverse breakdown region, the operating point may have a steep slope resulting in a dc impedance decrease. DC impedance increase is possible; however, when the string is controlled with MPPT, the dc impedance tends to increase. Capacitance is expected to consistently increase when hot spotting occurs. These trends under hot spotting are consistent as long as the string maintains operating in the region near the MPP or a local maximum, which is true for most MPPT control algorithms.
The change in the dc impedance is best measured at lower frequencies. In the experimental results shown in Fig. 8 , a frequency below 300 Hz can be used to measure the dc impedance. In this low-frequency range, an increase in the impedance magnitude indicates an increase in the PV string dc impedance. The change in capacitance is best measured at higher frequencies. Based on the experimental results in Fig. 8 , a frequency range of approximately 10 to 70 kHz can be used to easily measure capacitance. In this frequency range, there is a clear decrease in the impedance magnitude under hot spotting, indicating a capacitance increase.
IV. HOT-SPOT DETECTION METHOD
Now that the changes in PV string characteristics under hot spotting have been established, the next step is to develop a detection algorithm. Here, a two-frequency measurement technique that can be used to monitor capacitance and dc impedance is proposed. In addition, an alternative method is also proposed to monitor dc impedance. The detection methods are validated with experimental results.
A. Two-Frequency Measurement Technique
The previous Bode plots included measurements over a wide range of frequencies but not all frequencies are needed to detect changes in capacitance and resistance. Each frequency measurements requires additional time and processing power. An effective detection system would use the fewest possible frequency measurements that still allow for accurate hot spot detection. Since dc impedance can be measured at low frequencies and capacitance can be measured at higher frequencies, a hotspot detection method that uses one frequency measurement for each frequency range is investigated, referred to here as the two-frequency measurement technique. A low frequency, below approximately 300 Hz, is used to detect the equivalent resistive value of the string. For this experiment, 50 Hz is chosen to measure dc impedance because it is a low frequency where the impedance measurements is very clear without being an extremely low frequency. A higher frequency, between 10 and 70 kHz, is used to detect the equivalent capacitance of the string. For this experiment, 50 kHz is chosen to measure capacitance because experimental results show a large impedance magnitude change at this frequency.
1) Experimental Setup:
In this experiment, a string of 24 multicrystalline Si cells were strung in series to represent a substring within a typical commercial panel. At each frequency, the impedance value was examined over a range of string voltage biases. An automated test was designed using the HP 33120A function generator to create the ac signal, Keithley 2420 to create dc offset, and Tektronix MSO4034 oscilloscope to measure and record the output signals. The halogen light illumination level was approximately 500 W/m 2 .
2) Capacitance Measurement at 50 kHz:
A 50-kHz sine waveform is used to measure the impedance of the PV string over a range of positive and negative operating voltages, for both the unshaded and one-cell shaded conditions. The string's 50 kHz impedance magnitude measurement is shown in Fig. 9(a) along with the calculated capacitance value in Fig. 9(b) for the unshaded and shaded conditions. The MPP of each condition is marked with a star. As shown, there is a clear impedance decrease (capacitance increase) for voltages at and below the MPP voltage, where the string is expected to operate. These results verify that measuring the PV sting impedance magnitude at one frequency can detect the characteristic changes that result from hot spotting.
As long as the frequency is in the range where the impedance magnitude decreases under hot spotting conditions, which is approximately 10-70 kHz for the results shown in Fig. 8 , then the single frequency measurement should properly detect the capacitance change. Ideally, the frequency should be chosen such that hot spotting results in the largest impedance magnitude decrease for ease of detection, but any value within the measurement range will decrease under hot spotting conditions. In implementation, the switching frequency of the dc-dc converter that controls the PV substring could be set to the desired frequency to monitor the string capacitance.
B. Resistance Measurement at 50 Hz
A 50-Hz sine waveform is used to measure the PV string impedance over a range of positive and negative operating voltages. The string's I-V curve is shown in Fig. 10(a) and the 50-Hz impedance magnitude measurements in Fig. 10(b) for the un- shaded and shaded cases. The MPP for each case is, again, marked with a star. The impedance value correlates well with the slope of the I-V curve as discussed in Section II-B. After hot spotting has occurred, the string is most likely to operate at a voltage lower than the MPP voltage, under most MPPT algorithms. As shown in Fig. 10(b) , an impedance increase is observed for the string. These results verify that changes in dc impedance due to hot spotting can be monitored using measurements at one low-frequency value. The source of such a 50-Hz signal that can be used for this measurement is less obvious. A low-frequency signal could potentially be derived from the 60-Hz (or 50-Hz) grid frequency but may require additional hardware, such as a small transformer. Alternatively, a digital controller could be programmed to create a perturbation at the desired frequency. These potential implementation techniques will be explored in future work.
C. I-V Curve Measurement Method
An alternative dc impedance method is also proposed that does not require a low-frequency perturbation signal. This I-V curve measurement technique utilizes the basic concept that the slope of the I-V curve at the operating point is equivalent to the dc impedance value (R s + R p ). Some MPPT algorithms, such as P&O, continue to take small steps above and below the MPP under steady-state operation. The dc resistance at the operating point can be estimated from the measured I-V points around the MPP. This concept is tested on the PV string under unshaded and shaded conditions. The dc resistance values measured with the impedance spectrum analyzer are compared to the value estimated from the I-V curve. Fig. 11 shows the unshaded and shaded string I-V characteristics, from which the dc resistance is estimated. At each operating point, the current and voltage is measured above and below the point by a voltage step of 0.05 V. The impedance value is calculated from the linear slope from the two points above and below the operating point. Table III compares the measured and estimated dc resistance value for both the unshaded and partially shaded string conditions. The error magnitude is up to 28%, but the error could be decreased with higher current measurement resolution and a smaller voltage step size. These results confirm that a control method that measures the I-V characteristics around the operating point can estimate the dc resistance with enough accuracy to detect a clear change in the dc impedance value.
D. Discussion
1) Various String Lengths:
Results presented previously in this paper showed that dc impedance and capacitance increase under hot spotting for two different strings of 18 and 24 Si PV cells. Typical PV subpanel strings vary from 12 to 36 cells in series. A preliminary simulation study was conducted to examine if the same trends hold true for these string lengths. A crystalline PV cell was modeled as in [19] , and then, simulated under uniform 1000 W/m 2 irradiance, and then, with one cell shaded at 50 W/m 2 to induce hot spotting. Under both unshaded and shaded conditions, the string MPP is found and the dc impedance and capacitance values are compared. The results for strings of 12 to 36 cells in series are shown in Fig. 12 . The dc impedance, shown in Fig. 12(a) , shows a consistent increase under the hotspotting condition. The capacitance, shown in Fig. 12(b) , also shows a consistent increase. This indicates that the same trends are expected for a range of typical string lengths and that the proposed detection method is expected to work for most commercial crystalline Si PV substrings. However, these results also indicate that the impedance magnitude change expected due to hot spotting may vary depending on string length. The hot-spot detection algorithm will have to be calibrated for specific factors of the PV string, such as number of cells. A more extensive study into the effect of string length on the detection algorithm will be investigated in future work.
2) Detection Method Considerations: If a P&O MPPT method is used on the PV string, the I-V curve measurement method in combination with the high-frequency capacitance measurement may be the most appropriate hot spot detection method. The PV string voltage and current points are already measured to run the P&O algorithm, so only a simple calculation in the controller is required to estimate the dc impedance. The tradeoff is higher error, as shown in Table III . Also, a longer time is required to estimate the value since a point above and below the steady-state MPP must be measured. Thus, the measurement would not be accurate during fast or frequent irradiance changes. If the string experiences irradiance changes in between P&O measurements, the estimated dc impedance would not be accurate. Alternatively, the low-and high-frequency measurement method is more accurate, but requires additional circuitry to generate the low-frequency signal or higher computing requirements to digitally generate the signal.
3) Implementation: The hot-spot detection method described utilizes only the impedance magnitude. As described in Section III, both the magnitude and phase of the characteristics change during hot spotting. Initially, only the magnitude is measured in order to reduce the number of required measurements. If there is a problem with false positives in the hot-spot detection method, then the phase could also be calculated to prevent false positives; however, this would increase computing requirements. This paper has fully described the basic hot-spot detection concept and validated its operation for typical subpanel string lengths of Si PV cells. The next steps are to integrate the detection circuitry into a dc-dc converter and show that it can accurately detect hot spotting during normal MPPT operation. Further exploration into the best implementation method for this detection method is left as future work.
V. CONCLUSION
Hot spots form in series-connected PV cells, such as in a PV panel, under mismatched conditions among the PV cells. Hot spotting reduces string power and permanently degrades the hotspot area within a PV cell. The present-day prevention method for hot-spot protection in PV panels is the bypass diode, but various studies have shown that (although it mitigates the problem) it does not prevent hot spotting or hot-spot damage. This paper has proposed a string-level hot-spot detection concept that measures changes in the string's small-signal impedance to identify hot spotting.
The PV cell model has been presented showing the effects of voltage bias, illumination, and temperature on model parameters. The small-signal model resistances (R s and R p ) and capacitive (C p ) parameters are characterized for a single Si PV cell under dark and light conditions. Results show that changes in voltage bias have a larger effect on the resistance and capacitance values than changes in illumination. AC model parameters were also characterized for a PV subpanel string under uniform illumination conditions and hot-spotting conditions caused by partial shading. Experimental results showed that hot spotting within a string results in capacitance increase and dc impedance increase. These trends are consistent for both constant voltage and extremum-seeking MPPT control methods.
Hot-spot detection can be achieved with two frequency measurements: one for the higher frequency capacitive region and one for the low-frequency dc impedance region. Under hotspotting conditions, experimental results on a 18-cell subpanel string show that measurements at 50 kHz and 50 Hz properly detect the changes in string capacitance and dc impedance, respectively. With certain MPPT algorithms, such a P&O, the lowfrequency measurement could be replaced with a method that estimates the dc impedance from the I-V curve measurements. Future work will further develop the hot-spot detection method and implement the algorithm using power converter hardware and control. The implementation of the proposed hot-spot detection concept will help increase PV lifetime power output by detecting and preventing hot spotting before it permanently damages the PV panel.
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